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ABSTRACT

We show that it is possible for neutrino oscillations to create
a state of the universe in which the net lepton numbers are appreci-
able and different for each species at the time of nucleosynthesis.
Under these conditions mixing induced by the oscillations can influ-
ence the abundances of the light elements,

INTRODUCTION

At the first Telemark Neutrino Conference we presented prelimi-
nary results on the influence of neutrino oscillations and mixing on
the coumological production of %He.! We promised further results on
the cosmological production of the light elemercs and also a study
of the effects of neutrino oscillations during the non-equilibrium
period when the oscillation length is of the order of the size of
the nniverse. Now we make good on these promises.

To understand the possible effects neutrino oscillations may
have during the early stages ot cosmology, it is important to under-
stand the four characteristic times associated with the neutrinos.
These are the inverse of the rate of expanxion of the universe

1

t o~
\/(;N'rZ

' (1)

the mean time between left-handed neutrine interactions,

. 5/2
) (VG

. 1 .
LI W, ' (2)
¥ ¥
the corvesponding time for vight=handed nestrino intevaction TR’ which,
since m >mo, ds omueh greeater that v, and the oncillation time?

w W L,
R l,



1
to '—"i . "—2__ — . (3)

As the universe cools down, T, T, and TR all increase, whereas to de-

creases, as is shovn in figure 1. At small enough t, t, >> t and
the oscillations have no time to develop and thus exert no cosmolo-
gical influence. There is always a time t%* at which t, = t, but
whether the oscillations have any influence depends on whether t¥%

1s greaier or less that t¥, the left-handed neutrino decoupling Eime

at which T =t If tg > tf. then by the time that the neutrino

oscillations are able to develop fully the neutrinos have already
decoupled and the oscillations canrot influence the evolution of
the universe. However if Lg < tt as illustrated in figure 1, then

there is a stage at which the oscillation time is of the order of
the expansion times while being greater than t,. AL this stage the
oscillations are a non-equilibrium perturbation on the Lime evolu-
tion of the universe., 1f we introduce a general neutrino mass
matrix, and include CP non-conservation in the leplon section we
have the classic requirements for generating a lepton excess - a
point which was made by Kholopov and Petrov.®

We have investigated the non-equilibrium problem in more detail,
and find that the effect discussed by Kholopov and Petrovd in fact
nllows a differest lopton excess for cach species of lepton. This
implics that it is possible for the different species of ncutrinos
to have different but appreciable chemical potentials. It was this
circumstance we showed had significant effects on the 4lic generation
in our ecarlier poper, provided that to << T near t ~ ¢, a8 is the
case in figure 1.

The condition that ¥ < TT for oscillations to be potentially
interesting requires )
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Am? > (;N/(:f. -~ 10 eV (4)

showiog that cosmology {8 able to probe very small mass differences
hetween neulrinos,

In this paper we will first set up the formaiism, and then
descvibe (o detall the non=equilibrium processes which generate
thene Qi veresting conditions,  Finally we present our results on
nucleonyathesin of Light element s when these conditions prevail near
the decoupling time,

11,  FORMALISM

Wee Introduce o et of weak eigenstates v which participate
in the naual ltett-hended weak interactionn, appearing in the
charged curvent an .i)”y“(Hy‘,,)\»“l whiere _!’." i the chavged lepton and

v ”.N-To---.”" I addition we allow Por right-handed neatrinon
{



v', which participate in the much weaker right-handed weak inter-
actions. The mass matrix is then of the general Majorana + Dirac
form
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The diagonalization of mixes v, and vBL, and also VoL and (vBR) .

In the usual terminology not only are the left-handed neuvtrinos
mixed, but the 1lrft-handed neutrinos are also mixed with left-handed
antireutrinos.

The mass /igenstates are Majorana particles. If we designate
these eigenst.tes by Ni wvhere i = 1,2,...,2nf, and set
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"(a+r.f)L - (\’aR) ' (6)

then w: can regard the v_ as obtained from the mass eigenstates by 2
unita.y transformation

v . = U_N, . (7)

Oscillations, of both the first and second classes, may then be
obtained in the usual way.?

It is, however, more convenient to introduce the density matrix
{(t), which is such that <o|f(t)]e> is the number of ncutrinos in
the state o st time t, given the inital number of ncuirinos
<a|£€0) o> of ecach speciec. To allow for expansion of the universe,
and for collisions we replace the usual evolution equation fou £

df

gt = iDll (9

(where [, is the Hamiltonfan for free neutrinos) with the Baltvman
type of ¢quation

s £ = 10,8) + clf] (10)
dt R =2 = 2 '

where the matrix ¢ describes the collision terms, which tend to
maintain { in the equilibrium distribution. Our attempts to con-



sti1 ict detailed interc ' ing solutions to (10) are still in progress
(perhaps to be reportec Telemark I117), but we belicve that some
qualitative statements ¢ be made, following Kholopov and Petrov.3
This we now do.

IIT1. THi® NON-EQUILIBRIUM PHASE

We first note that the right-handed neutrinos interact much
more weakly than the left-handed neutrinos, and so decouple at an
earlier time 1¥. As a result they do not participate in any sub-
sequent heating of the universe that occurs because of annihilation
of particles and antiparticles of mass m as T drops below m. Thus
TR’ the temperature of the right-handed neutrinos will be related

to TL by

T 4 s/3

where s is the number of species which have annihilated betwecen Iﬁ
and t.

31 i3 . . -
If Ik << 153 then TR << TL and the number density of right

handed neutrinos (or left-handed antineutrinos) will be much less
than that of the left-handed neutrinos. This is the driving force
which, coupled with oscillations, produces a net neutrinc number
for the universe,

In general, the neutrino densities are given by

an

'
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y=1

where the average is over the energy distribution of the ueutrinos
and P(vYI » qu) is the transition probability which strictly should

be obtained from the Boltzman equation (10), or an cquivalent master
equation, Since we are assuming TR << TL,

riv ] << n[vd L] (12)

a+n_, 1
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and we may truncate the sum in (12) at N obtaining
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However, unitarity requires

Z: P(v,;2vyy) = 1 (14)
=1

which allows
Ne
N\
Z P(vYL-»vaL) #1 (15)
¥y=1

in the presence of second class oscillations. Thus even if we start
wich n[UyL] = n[val] for a,y, < ng, equation (13) does not preserve

this equality. We thus obtain our first lemma:

Lemma 1: The number densities of the different neutrino species

will 1nAgenera1 be dlfferent in the _presence " of neutrino oscil-

latlons of tne second class

The antiparti .e densities n[(v ) “1 <"tisfy an equation analo-
gous to (1),

ne

0 (95)F =D <nl0y )] P (o) (v, )y (16)
Y=1

In general the initial conditions will be such that "[(vyl)c]
n[(vYL)]; there i® no net lepton number of the universe (sce

however, Harvey and Kolb4 for a scenario where this is not true in
general).

If however, we have CP violation as well as second class oscil-
lations then

e N ¢
I(»YL’\’“L) # l’((\»YL, ') (17)
Tet us introduce the net lepton decsity of the o species, L,
. o
defined by

La='dﬂml'"lwm)q (18)

which then satfafies the equatfon



Ng
= <:E: LyP(vyL’vaL)
¥=1

+alo ) PO 2v ) - PO 0,0 )5 . (9)

: _ Cy _ c
So even if, initially, LY = 0 and n[(vyL) ] = n[(vaL) ] for y and

o < n_, the seccnd class oscillations can develop LY # 0, and

f’
LY - La # 0.

Thus we arrive at our second and third lemmas:

Lemma 2: TIn the presence of second class oscillations and CP

violations, generations of appreciable net lepton numbers L

possible.

Lemma 3: TIn the presence of second class oscillations and CF

v1olat1on the lepton numbers of d1fferent _neutrino species need

not. be gual

Lemma 2 is the result of Khopnlov and Petruv, but lemmas 1 and
3 are, to our knowledge, new.

We proceed to remairk that if these oscillations occur while the
left-handed neutrinos are still in thermal equilibrium with the uni-
verse, then these number distributions will be thermalized, and will
thus be characterized by the equilibrium temperature T, and a chem-
ical potential p_ which will in general be nonzero and different
for different species.

We note that the experimental limit on M is

Mo
by = £ 60

as long as the neutrinos are light (of rest mass lers than 1 meV).
This limit ap,lies to all species and is simply a consequence of
requiring that the density of background neutrinos not exceed the
critical density. Values of £ or order 1 ar~ not excluded by
observational evidence.

After this phase t ~ tg > T,
s0 that to << t, Ty At this stage the oscillations simply develop

an equilibrium distribution characterized by

({,4l =0, (20)

the oscillation period decrcases



to eliminate term of order t;l which would otherwise dominate the
Boltzman equation, and

{le}

[f] =0 (21}

which eliminates the term in t—l.

(20) requires that f the ﬁiagonal in the mass basis, and (21)
that £ be an equilibrium distribution. We examine the form and con-
sequences of this equilibrium distribution in the next section.

IV. THE EQUILIBRIUM SITUATION
We have already described the circumstances in wnich £ takes

on the equilibrium form for the left-handed neutrinos. In general
f is diagonal in the mass basis, and

fij = fiéij (22)
with £, « 1 (23)
i (E;~u,)/kT
e +1
with My # pj.

It is then easy to compute the reantion rate, e.g., for v nvep,
for which the T matrix element is Te , where the subscripts refer
to lepton states in the weak interaction basis. Then

(TE7) g (24)

2 2 o
DT Bt (25)
i

F(ven*ep)

1f cither the p, are different for different i, or there are second
class oscillati%ns, or both, then rates computed through (25) will
differ from those without neutrino mixing.

We have sct up the network equations up to *He and solved them
for the light element abundances for a simple two neutrino species
model, say V. and v“, ignoring for this stage of the calcula*ion

the right-handed neutrinng. In this cas2 there are three additional
paramcters in the problem and it should be no surprise that we can
obtain good fits to the *He, 9He and d abundances, even if the limit
Nv < 4 is relaxed. For example, with O = 30°, we obtain YHe ~ 0.21

for N =6 at n=3x 1077

for {1 = 0.3, 22 = 0.5. These same para-
meters then give



X Xy

9 3% 10 and -2 ~ 4 x 10

Xy Xy

which are in good agreement witl. observations. Detailed results
will be published elsewhere, but it should be obvious that there
is now more than enough freedom in the parameters to fit the
observed abundances without serious restriction on N . Indeed,

-5

for nucleon to photon ratios smaller that 10-9 the sensitivity of

Xy and X, to El and €2 is weak :nough that any pair of values of
He

gl and 52 which fit ¥,  will also fit X, and X

He d 3He

V. CONCLUSIONS

We have shown that if second class oscillations and CP viola-
tions are introduced in the neutrino sector it is possible to gener-
ate a situation where the lepton species numbers L are appreciable
and distinct at the time of nucleosynthesis. These are precisely
the conditions under which neutrino mixing induced by neutrino
oscillations can influence the nucleosynthesis process. These cir-
cumstances introduce many new parameters into the nucleosynthesis
problem enabling one, for example, to fit the observed light element
abundances without constraining th. number of neutrino species
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Fig. 1: Development of the characteristic times associated
with neutrinos with the evolution of the universe.



